ABSTRACT
INTRODUCTION
A gas turbine is a modification of combustion engine. The combustion engine or the gas turbine works under tremendous amount of pressure and temperature. The rotating blades in the turbines are subjected to centrifugal force, which acts outwards in the radial direction. This causes the blades to vibrate. The high operating temperature and pressure aggravates the vibrations, which often cause significant blade tip clearance changes.
Blade tip clearance is the distance between the stationary engine casing and the rotating airfoil blade. Due to variation in thermal and mechanical loads on the rotating blade and stationary structures, blade tip clearance keeps varying. This problem plagues both aero-engines and landbased turbo-engines. However, tip clearance monitoring is more important for aero-engines due to rapid change in the frequency of operation and varying nature of aerodynamics and inertial loads during flight. The efficiency of the gas turbine engine is inversely related to the tip clearance between the engine casing and the rotating blade. According to the literature survey it was found out that with just 0.0254mm reduction in tip clearance, the fuel efficiency increases by almost 1%. Hot high-pressure gases escape through the blade tip clearance. If tip clearance is small, the blades might rub the casing and cause catastrophic disintegration of the turbine. On the other hand, large tip clearance will allow more amount of gas to pass through which will lead to high leakage of gas resulting in reduction in fuel efficiency. Thus it is required to strike a balance between the two and maintain an optimum blade tip clearance. This necessitates the continuous monitoring of blade tip clearance.
Various sensing strategies have been proposed over the years to measure blade tip clearance. Sensing systems based on optics, capacitance, eddy current and microwave are present for tip clearance measurement. Some industries are currently using capacitive sensing system for blade tip clearance measurement. This technique is greatly affected by noise. Hence, an alternative solution for clearance measurement is necessary. The objective of the project is to determine a suitable measuring system to be used for tip clearance measurement in Gas turbine engines and analyse its performance by simulation.
Different types of sensors are used to measure the tip clearance values in gas turbine engine. The sensing strategies used for the purpose of measuring are based on microwaves sensing system, capacitance probe, laser, optics and eddy currents. A capacitive sensor involves placing a probe in the engine casing. The tip of the blade and an electrode mounted on the casing thus forms a parallel capacitor. As the tip clearance varies, the capacitance value changes and the tip clearance can be measured [5] .
In Eddy current tip clearance sensors, a magnetic circuit is mounted in the casing. The magnetic field reaches the rotating blade. Eddy-currents is induced in the rotating blades that create a magnetic field which affects the magnetic circuit mounted on the casing and the rotating blade tip clearance can be detected and monitored [6] .
These sensing strategies have many shortcomings which are listed below: Optical sensors are expensive, sensitive to the operating environment and expensive. Capacitive sensors suffer from bandwidth limitation and low resolution. In Eddy current based sensors, permanent magnets are used for input. Electromagnetic techniques could change the properties of the magnet [4] .
Sensor probes should be capable of tolerating vibration, large temperature variations, and presence of dirt and corrosive gases throughout its operating lifetime. This severe nature of the environment restricts the extended use of most technologies. Microwave sensors has many advantageous over the other sensors as listed below:
Microwave sensors have the ability to operate at extremely high temperatures. They are unaffected by presence of contaminants. The microwave radiations have high frequency and that is why provides excellent propagation even in such hostile environment [1] .
The sensing strategy is based on measurement of the phase change between the transmitted and the received electromagnetic waves. Microwave sensors simplify this since metals reflect microwave satisfactorily.
However it has some disadvantages too. Microwave sensors are expensive to manufacture. These sensors operate at high operating frequency due to which complicated calibration and advanced signal processing is needed which increases the system complexity.
It has been found that microwave sensing is superior to the existing sensing techniques owing to its ability to withstand high temperature and pressure. We have proposed a blade tip clearance measurement based on microwave waveguide sensors. Its operation has been simulated using MATLAB. This paper is organized as follows; Section II gives a brief introduction about the operation of a Gas turbine engine. The microwave sensing technique has been dealt with in Section III and an algorithm for the same has been proposed. The simulation results are presented in Section IV. Finally, conclusions are given in Section V.
WORKINGPRINCIPLEOF A GAS TURBINE ENGINE
In a steam turbine engine, high-pressure steam is made to rotate the turbine and energy is extracted from it. In the same way, in a gas turbine engine the fuel is burned in the combustion unit and the high-pressure gas thus formed is used to drive the turbine. The gas turbine engine has four major sections-The inlet, compressor, combustion and the turbine section as shown in figure  1 . Compressor section compresses the incoming air to high pressure. The fuel is burned to produce high-pressure, high velocity gas in the combustionchamber. The energy from the highpressure, high-velocity gas flowing out from the combustion chamber is extracted in turbine region.
Figure1.Functionalblock diagram of gas turbine engine.
Gas turbine employs a thermodynamic procedure called as the "Brayton cycle". In this cycle, the efficiency improves as the pressure difference across the system increases. The compressor section compresses the working fluid that is, air. This compression is of adiabatic type since no heat gain or loss occurs. This compressed air is then mixed with fuel and burned using the fuel burners in the combustion unit. The hot, high-speed gas thus formed, gets expanded through the turbine to generate power. This power produced in the turbine is used to run the compressor and the rest is used to run the supporting equipment [7] .
As shown in figure 1 , the turbine and the compressor are attached to the same shaft. As the gas turbine speeds up, the compressor also speeds up forcing more air to flow through the combustion chamber. This increases the rate of burning of the fuel, which increases the amount of gas flowing through gas turbine increasing its speed even more. Increasedrotational speed in turbine results in higher centrifugal force and more clearance variations. This necessitates the control of this uncontrolled positive feedback. When blade tip clearance reaches an alarming value, the turbine speed has to be reduced. Limiting the amount of fuel fed to the turbine can do this.
MICROWAVE SENSING SYSTEM OVERVIEW
The microwave sensors transmit a continuous frequency microwave signal towards the rotating turbine blades and receive the reflected signal. At resonance, when the angular velocity of the blades becomes equal to the frequency of the transmitted signal, the electromagnetic wave is able to detect the blade tip and interacts with the tip of the blade, while out of resonance; it is unable to detect the blade, producing just the reference signal. This can be processed in a phase-based signal-processing module to estimate the tip clearance [2] .
The microwave sensing system is based on short-range radar principle. The microwave generator sends a continuous wave microwave signal towards the blade. The measurement system uses microwave probes, which can tolerate high temperature. The probes are mounted on the engine casing of the turbine, so that it is able to see the blade tip easily. The sensing probe consists of a resonant open-ended cylindrical waveguide protected by the ceramic cap. It acts an antenna, which is capable of transmitting the continuous wave generated by microwave signal generator as well as receiving back the reflected wave by the tip of the blade. The generated continuous wave is transmitted to the probe passing through the circulator again gets reflected back by the blade tip. Two radio frequency mixers are used to calculate the In-phase and Quadrature component of the reflected wave. Two mixers compare the received signal reflected back from blade tip and the reference signal sent by the microwave signal generator. By processing both components phase is determined. The phase difference between the transmitted and received signal is directly proportional to the distance between the tip of the blade and engine casing where probe is mounted. The relation between the calculated phase θ and the tip clearance value β is given by Equation (1) which shows that measured phase depends inversely on the frequency of the operation which proves that microwave system can effectively measure small tip clearance.
Where β is the tip clearance and θ is the calculated phase shift between transmitted and reflected wave and c is the speed of light. To find the phase shift between the transmitted and received wave first we have to find the Inphase and Quadrature components related to the reference signal. In-phase component is the component that is in the same axis as the reference signal. Quadrature component is perpendicular to the reference axis. Letcosሺ߱ ‫ݐ‬ሻ be the transmitted wave. After reflection from the rotating blade the transmitted wave will undergo some attenuation and phase change.Thus the received signal becomes ܽሺ‫ݐ‬ሻ cosሺ߱ ‫ݐ‬ + ߠሺ‫ݐ‬ሻሻwhere,ߠሺ‫ݐ‬ሻis the phase shift occurring between the transmitted and reflected wave and ܽሺ‫ݐ‬ሻ is the time-varying attenuation factor.
To determine the Quadrature component the received wave has to be multiplied with the transmitted wave (taken as reference)
In-phase component is given by 
Substitute equation (6) in equation (1) to find β, the tip clearance,
SIMULATION RESULTS
The simulation tool used for the purpose of this paper is MATLAB. The parameters taken for simulation are as follows. Frequency of operation is taken to be 24 GHz. Introduced phase shift is -pi/2 to +pi/2.Received signal magnitude is assumed to be varying from 0.1 to 1. The transmitted wave simulation and the reflected wave simulation for two different phase shifts have been plotted for illustration purpose. As we can observe, in this simulation we have considered the reflected wave to be attenuated by half when compared to the transmitted.
In practical case, noise corrupts the reflected wave. The simulation for transmitted and noise affected reflected wave for different phase shifts is shown below. The estimated tip clearance is plotted with respect to number of phase shift. As expected, the tip clearance varies linearly with the phase shift between transmitted and reflected wave.
Estimated phase shift is same as the introduced phase shift when no noise is corrupting the received wave. In the presence of noise, estimated phase deviates a little from the ideal case. Similarly, estimated tip clearance with and without noise is almost equal. The tip clearance value up to 0.07 mm can be detected using this algorithm. 
5.CONCLUSIONS
In this paper blade tip clearance measurement is found considering the effect of noise resulting from the harsh working environment of the turbine engine.The optimum noise level is found to be 0.05*random noise.
Inclusion of the effects of temperature, stress, vibration effects, and other damaging effects like foreign objects can extend this project further. Clearance measurement data can be analysed along with the life of the turbine blade in gas turbine engine. The noise range can be improved further by employing suitable techniques. 
